INTRODUCTION
Bone remains constitute an important part of archaeological records. Traces of heating are often observed on bone fragments and artefacts in the form of color changes and increased mechanical fragility (Stiner et al.,1995 ShahackGross et al., 1998 Weiner et al., 1998 , Reiche et al., 2000 Chadefaux et al., 2009) . In many cases, however, these ef ects are dii cult to distinguish from other diagenetic phenomena which could induce similar changes (Bennett, 1999; Reiche, 2009) . In some cases, they are identii ed as burned on the basis of the context in which they are found on the i eld (e.g. urns), despite of the absence of any color changes. h is often leaves unanswered a number of questions relating to the identii cation, conservation and understanding of the accidental or intentional origins of the heating process (Koon et al., 2003 (Koon et al., , 2010 . Due to the importance of this topic in the i elds of archaeology, paleo-anthropology and forensic science, an important literature is available on the ef ect of heating on the architecture and material properties of bonelike materials, including ivory (dentin) and antler. h e most important factors to consider in such investigations are the high degree of structural hierarchy and composite nature of bone. h is implies, in particular, that all structural levels can be af ected by heating and that the modii cations in the collagen and carbonated hydroxyapatite structures may occur asynchronously. h us, the search for specii c structural patterns of heating in bone fragments should be conducted at several length scales (Reiche et al., 2007; Chadefaux & Reiche, 2009) .
Most studies concerned with the ef ect of heating have been undertaken in a large temperature range, typically in the order of T ~ 50-1000 o C, to account for the diversity of accidental or intentional uses of i re (e.g. Shipman et al., 1984; Holden et al., 1995; Person et al., 1996; Rogers & Daniels, 2002; Piga et. al., 2002; Hiller & Wess, 2006; Munro et al., 2007; Lebon et al., 2008 Lebon et al., , 2010 . Interestingly, Kalsbeek & Richter (2006) reported that the most drastic changes in mechanical properties assessed by indentation, occur in the lowest part of that range, at T ~ 50-300 o C. h is temperature range potentially covers a wide range of socio-cultural behaviors such as cooking habits or tool manufacturing (Roberts et al., 2002) . At such temperatures, the color changes can be very weak, depending on the duration of heating, which makes it impractical to distinguish from non-heated fragments in the i eld. Furthermore, those authors show that the greatest weight loss (> 30 %) and macroscopic shrinkage of the bone samples are also measured within this temperature interval. Consequently, important structural modii cations are expected to occur in this range. Indeed, several studies at the microscopic scale reveal the formation of cracks which are generally correlated to other histo-morphological changes such as an increase in porosity, i.e. Haversian canals and osteocyte lacunea. h is is a typical signature for a concentration of mechanical stresses within the bulk material which leads to an increased fragility of the object. Recently, Chadefaux & Reiche (2009) also provided evidence of a progressive denaturation of the collagen macromolecules using Fourier transformed infra-red (FTIR) spectroscopy in the same temperature range, which seems to be correlated with a disorganization of the mineral phase as observed by transmission electron microscopy (TEM). Similar observations have also been made in dentin (Reiche et al., 2002) . In the light of those elements, it is worthwhile noting that the overall picture obtained from numerous X-ray dif raction studies is that of an essentially unchanged mineral crystallinity below ~ 300 o C. In order to understand and quantify more precisely the mechanisms of such structural modii cations, an investigation of the ef ect of a low heating treatment (T ~ 30-250 o C) on the ultrastructure of bone was undertaken. h is report presents preliminary results obtained with quantitative scanning small-angle X-ray scattering imaging (qsSAXSI) using synchrotron radiation. Small-angle X-ray scattering (SAXS) is now a well established technique for the characterization of nanoscale heterogeneities in materials (Guinier & Fournet, 1955; Glatter O. and Kratky O., 1982) . With the increasing availability of synchrotron sources, this technique has become widely used for the characterization of the mineral nanoparticles in bone in the medical (e.g. Fratzl et al., 1996a Fratzl et al., , 2004 and archaeological context (Wess et al., 2001; Hiller et al., 2003 Hiller et al., , 2004 Hiller & Wess, 2006) . In this paper, we emphasize the advantages of position-resolved measurements using synchrotron sources over more standard laboratory equipment. Here the "quantitative" aspect of this imaging technique derives from the systematic analysis of the 2D SAXS patterns obtained as a function of scan position, as opposed to more widely known SAXS imaging techniques which use scattering ef ects to enhance the contrast in a more qualitative way, be it in scanning (e.g. Bunk et al., 2009) or in full-i eld (e.g. Levine et al., 2004) mode.
METHODS

Sample preparation
h e samples were prepared from modern bovine tibia obtained from a local butcher. h e periostum and marrow ArcheoSciences, revue d 'archéométrie, 35, 2011, p. 191-199 were mechanically removed and a transverse cross-section of ~ 15 mm in thickness was sawn in the diaphysis, defated for 24 h in acetone and dried in air at room temperature for 48 h. h e anterior and posterior cortical blocks were then selected and 7 sections of 200 μm in thickness and ~ 10 × 10 mm 2 in width and length were cut from each block in the transverse direction using a high precision low-speed diamond saw (Accutome 5, Struers Tech A/S, Copenhaguen, Denmark). h ese were reduced in thickness to 60 ± 4 μm by polishing with high grade SiC paper (2400) using a custom device designed to obtain well controlled parallel surfaces within ± 1 μm. From each of the two series (anterior and posterior), one section was kept as a reference (so-called unheated) while the six remaining were heated at 100°C, 150°C, 170°C, 190°C, 210°C, 250°C in a domestic oven during 1 h to obtain a homogeneous temperature gradient within the sample. Although far from i eld-conditions, this procedure allows avoiding artifacts caused by temperature gradients in bulk samples or other ef ects linked with the presence of lipids.
Scanning-SAXS experiments
h e scanning-SAXS experiments were performed at the cSAXS beamline of the Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland (Bunk et al., 2009) . h e X-ray beam was monochromated to a wavelength of λ = 0.667 Å (E = 18.58 keV) using a Si(111) double-crystal monochromator. A horizontal and vertical focus at sample position of ~ 25 × 6 μm (FWHM) was achieved using the second (bending) mirror of the monochromator and an additional bending mirror, respectively. h e photon l ux at focal position was in the order of 5 × 10 10 ph.s -1
. h e samples were mounted between two thin Kapton ® foils (25 μm thick) glued on an aluminium support frame i xed on a high-precision translation stage and visualized using an ofaxis microscope to select the areas of interest. Each sample was scanned over the full cortical thickness (~ 11.5 mm) and 1.5-2 mm across with a step size of 50 × 20 μm 2 in horizontal and vertical directions. h e SAXS patterns were collected with an exposure time of 100 ms and read-out time of 20 ms using a Pilatus 2M detector at full resolution, i.e. 1475 × 1679 pixels of 172 × 172 μm 2 . h e parasitic scattering was reduced using a 2.1 m evacuated l ight tube between the sample and the detector, and the sample-todetector distance, detector tilt and the beam centre were calibrated using a silver behenate standard (Blanton et al., 1995) . h is coni guration provided a measurable q-range of 0.01-4.1 nm -1 where q is the norm of the scattering vector q = 4πsinθ/λ and θ is the scattering angle.
Data analysis
h e two dimensional SAXS patterns were spherically integrated along the azimuthal and radial directions using the FIT2D software package (Hammersley, 1997) . h e one dimensional proi les were subsequently analyzed using a dedicated SAXS analysis library written in Python language by one of the authors (A. Gourrier), which is optimized for the analysis of large data sets. Several structural parameters relating to the mineral nanoparticle thickness, lateral organization and orientation can thus be determined following procedures established by Fratzl et al. for bone studies (see, e.g. Fratzl et al., 1996) . h e average chord length (so-called T parameter) can be considered as a standard parameter in the SAXS analysis of bone in the archaeological context . h is parameter can be expressed as the ratio of volume fraction of mineral Φ to the total mineral/organic interface σ:
Under the assumption of a 50 % volume fraction of mineral phase, Fratzl et al. (1991 Fratzl et al. ( , 1992 Fratzl et al. ( , 1996a have shown that T gives a direct measure of the nanoparticle thickness. In the present work, T was calculated using a recent method, which allows overcoming the limitations in the detection of the SAXS signal at low scattering angles. A detailed description of this model is outside the scope of the present paper but can be found in Fratzl et al. (2005) and Gourrier et al. (2010) . In brief, this method involves i tting the proi le Iq 2 vs q (I is the measured scattered intensity) with an analytical expression which is a function of T. h is method is in direct line with previous work by Wess et al. (2001) , in particular, who assessed the deviation from an idealized Lorentzian proi le in order to assess the spatial correlation between mineral particles. In this way quantitative images of T can be reconstructed as a function of scan position (Fratzl et al., 1997; Riekel et al., 2000 , Paris et al., 2008 Gourrier et al., 2007 Gourrier et al., , 2010 .
RESULTS
An optical micrograph of the reference sample is shown in Fig.1a . Typical histological features can be observed in Fig.1 .b the form of osteons (O), bone packets (P) as well as Haversian canals (H) and osteocyte lacunae which appear as small dark spots on the image. h e scanned area is indicated by a solid rectangle in Fig.1 .a is ~ 1.5 (h) x 11.5 (v) mm 2 and covers the full cross-section from the endostum (bottom) to the periostum (top). h e red i lled rectangle in Fig.1 .b represents the scan step of the measurement, i.e. 50 (h) x 20 (v) μm beam is smaller in dimensions, those values ultimately dei ne the spatial resolution limits. A composite image of the SAXS patterns obtained in a small part of the scan indicated by the white rectangle in Fig.1 .a is shown in Fig.1 .c. h e SAXS signal has an elliptic shape which is typical of bone and rel ects the shape and arrangement of the mineral platelets: more elongated ellipses indicate that the nanoparticles are aligned along a prefered direction, while circular patterns point to a random orientation in the volume of the beam (Fratzl et al., 1996a) . In order to compare the data with those obtained with more widely used laboratory equipment, the same data were averaged over areas of 100 (h) x 100 (v) μm 2 and over the full region (1 (h) x 0.5 (v) mm 2 ) and are shown in Fig1. d,e respectively. h e i rst corresponds to the typical spatial resolution of an instrument with microfocus capability while the second is closer to standard X-ray source dimensions. It can be observed that the SAXS signal becomes more circular upon enlarging the illuminated area. h is implies that, although the mineral platelets are locally well aligned, on average, there isn't any privileged direction in the orientation of the nanoparticles. In order to assess the global changes within the samples as a function of heating temperature, the average SAXS patterns were calculated for the whole scanned region and azimuthally integrated. h e corresponding Kratky plots (Iq 2 vs. q) are shown in Fig.2 . Signii cant dif erences can be observed in the form of a progressive shift of the maximum of the Kratky curves towards lower values of q up to a total disappearance of the maximum at 250 o C. Similar observations were made in a previous study on human l uorotic bone pointing towards a greater disorder in the mineral nanoparticle thickness and inter-particle distance (Fratlz et al. 1996b; Gourrier et al., 2010) . h e values of T calculated from the i t of those curves are shown as a function of temperature in Fig.3 . A clear trend can be observed in form of an exponential increase of T. Providing that the collagen volume fraction remains unchanged, the physical interpretation of this trend is a general increase in particle thickness. h e hypothesis of a constant volume fraction of organic molecules is well supported by FTIR results obtained in similar conditions by Chadefaux & Reiche (2009) who showed that, although there is a progressive denaturation of the collagen molecules, the total area of the Amide peaks in the FTIR spectra remains essentially constant up to 230 o C. In order to understand the modii cations at the tissue level, the values of T were calculated for each 2D SAXS pattern of the scan. h e corresponding images for the posterior sections are shown in Fig.4 for each temperature on the same color scale. A clear increase in T is observed in the form of an overall increase in brightness which is particularly striking between 210 o C and 250 o C. A closer examination allows to distinguish the histological features observed in Fig.1.a,b, i.e. osteons and interstitial bone or bone packets. h e relative density of osteons appears to l uctuate between the dif erent sections and rel ects the sample heterogeneity. h us, a direct comparison using image registration methods is not possible. To compare the information contained in the images, the histogram of the images was calculated using bins of ΔT = 0.1 nm. h e result is shown in Fig.5 , where the histograms represent the T distribution in percentage of the total bone area, i.e. disregarding the parts of the images corresponding to Haversian canals or other form of voids which appear in black in Fig.4 . For clarity, the histograms for the sections heated at 150 o C and 190 o C are not shown. h e T distributions appear Gaussian in shape. h e position of the maximum of the curve can therefore be viewed as the average T value, while the breadth of the curve, which is generally characterized by its full-width at half maximum (FWHM), provides an indication on the dispersion about the mean value. A clear trend can be observed in the form of a shift towards higher values of T with increasing tempe- (Fig.5) . h ese parameters can be related to the mean and the variance of the T distribution. We recall here that, for a Gaussian function the FWHM = 2√2ln2.σ where σ is the standard deviation and σ 2 the variance of the distribution. It is well known in statistics that those values correspond to the moments of order 0 and 2 which are sui cient to fully characterize Gaussian distributions. h e result of these calculations for the anterior and posterior sections is shown in Fig.6 . Both T MAX (Fig.6 .a) and T FWHM (Fig.6 .b) rise exponentially with increasing temperatures. However, a signii cant distinction can be made between the results obtained for the anterior (black circles) and posterior (white triangles) sections in T FWHM which is not observed in T MAX . h is suggests that the increase in average particle thickness is similar for the anterior and posterior samples but that there is a greater dispersion (variance) in particle size distribution.
DISCUSSION
From the previous considerations, several important conclusions can be drawn. First, there is a clear increase in average particle thickness upon heating even at relatively low temperature below 300 °C, as observed by the exponential raise of T MAX in Fig.6 .a. h is is in agreement with other studies on the evolution of the mineral phase upon heating observed at temperatures higher than 300 °C (e.g. Hiller & Wess, 2004 . Secondly, there is also a signii cant increase in T FWHM (Fig.6.b) and, hence, in the variance of the T distribution. h is means that the particle growth process is heterogeneous throughout the tissue. h is also coni rms i rst observations by TEM (Chadefaux et al., 2009) . h ird, although the global trends are exponential in all cases, there is a signii cant dif erence in the evolution of T FWHM between the anterior and posterior samples. h is must be put in perspective with the histological dif erences between the two, which are known to be related to dif erent biomechanical behaviors, the posterior section generally being loaded in compression mode while the anterior section is mostly submitted to tensile stresses (Currey, 2002) . 
C ne sont pas représen-tés). La distribution du paramètre T peut être décrite, en première approximation, par la position du maximum (T MAX ) et par sa largeur à mi-hauteur (T FWHM ).
ArcheoSciences, revue d 'archéométrie, 35, 2011, p. 191-199 From the archaeological perspective, this has important practical consequences in the characterization of heated bone remains. Probably most important, the average mineral particle size appears to be a valuable marker for the determination of the heating temperature. For this purpose, it is worthwhile noting that standard laboratory SAXS equipment is sui cient. h is is illustrated in Fig.5.a. where the values of T obtained from the averaged SAXS proi le for the whole scan (crosses) are very close to T MAX for the anterior and posterior sections. However, our results also demonstrate that very valuable information can be obtained using synchrotron qsSAXSI with higher spatial resolution (i.e. smaller beam size) since the images of T can be related to the histological features observed using other modalities, e.g. light microscopy. Furthermore, the histogram of the image provides the full T distribution which can be analyzed following classical methods used in other imaging techniques. In the present study, we propose an additional parameter, T FWHM which characterizes the breadth of the T distribution and is found to be dependent on the sample histology. It can therefore be postulated that samples with dif erent microstructures will yield dif erent values of T FWHM . h is requires some caution since the experiment was essentially limited to a single heating time although it is generally admitted that 1 h heating is enough to reach equilibrium. It could be hypothesized, for instance, that the of set in T MAX and T FWHM is dependent on the duration of heating. It is also worthwhile mentioning that there exists a number of laboratory equipment providing positional resolution with beam sizes in the order of 100 μm in diameter. h is represents an improvement with respect to more standard equipment and could provide a reasonable description of the T distribution but is still insui cient to resolve the histological features (secondary osteons are generally in the range of 50-100 μm in diameter). h erefore, a detailed assessment of the ef ect of heating requires beam sizes of ~ 10-20 μm in diameter at maximum. For archeological artefacts, where the ef ects of diagenesis are often heterogeneous, this requirement appears even more stringent. In seminal work by Hiller & Wess (2004 on a varied set of archaeological artefacts, signii cant correlations were found between the SAXS measurement of T and other diagenetic markers deduced from Fouriertransformed infrared spectroscopy, such as splitting factor and carbonate:phosphate ratio. However, an important dispersion in the data was observed, which led the authors to postulate the co-existence of several populations of particles with different sizes. We believe that this is a very strong hypothesis which emphasizes the necessity of taking into account the specii c histological features of the dif erent samples. h is, therefore, highlights the potential of our analytical strategy for further studies of bone heated in conditions closer to those encountered in the archaeological context.
Finally, a number of X-ray dif raction studies show that substantial dif erences in dif raction spectra can only be observed above 300-400 o C in the form of a progressive narrowing of the X-ray peaks indicating an increase in crystallinity and particle size (Piga et al., 2008; Rogers et al., 2002 Rogers et al., , 2010 Kalsbeek & Richter, 2006) . Below these temperatures, the proi les only reveal minor modii cations, which are dii cult to interpret. h e picture for the SAXS analysis is exactly the inverse: below these temperatures, the result obtained in the present study clearly provides a quantitative description of the mineral particle thickness evolution, while the interpretation of the SAXS spectra above these temperatures is complicated due to the degradation of collagen. h erefore, SAXS should be preferred to XRD for the structural characterization of low temperature heating ef ects, and vica versa. 
CONCLUSION
h is study demonstrates that the thickness of the mineral nanoparticles follows an exponential increase upon heating at temperatures below 300 °C and can therefore be considered as a potential valuable marker to understand the processes of heating to which bone remains have been submitted. h e use of position resolved measurements for quantitative scanning-SAXS imaging provides additional information related to the histology of the sample, which could allow further discriminating between species and bone types. Finally, we suggest that SAXS measurements are preferable to X-ray dif raction for the characterization of bone submitted to low heating temperatures, i.e. below ~ 300 o C. Further studies should clarify the inl uence of the duration of heating on the extent of growth in particle size through isothermal measurements. Ultimately, changes induced by diagenetic processes also need to be investigated in relation with our i ndings.
